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BIOLOGICAL ORE PROCESSING FOR THE
ISOLATION OF HEAVY METALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional of application Ser. No.
15/562,695 filed Sep. 28, 2017, which 1s the U.S. National

Stage of International Application PCT/EP2016/056932,
filed Mar. 30, 2016, which designates the U.S. and was
published by the International Bureau in English on Oct. 6,
2016, and which claims the benefit of European Patent
Application No. 15161646.3, filed Mar. 30, 2015; all of
which are hereby incorporated herein in their entirety by
reference.

FIELD OF THE INVENTION

The invention relates to an assay for 1dentifying a bacte-
rium capable of binding heavy metals such as gold and/or
silver. The present invention also relates to a process of
i1solating or enriching a heavy metal such as gold and/or
silver, e.g. from ore (such as mineral ore). The mmvention
turther relates to a use of a bacterrum for isolating or
enriching heavy metal such as silver and/or gold.

BACKGROUND OF THE INVENTION

Recent decades have seen a continued depletion of high-
grade mineral resources and, concomitantly, a growing
demand for precious metals. The demand for gold 1is
unbowed. At the same time, the awareness for environmen-
tal problems associated with conventional mimng tech-

niques has grown significantly.

Gold (Au): Gold 1s one of the rarest elements on earth. In
seawater, which constitutes the largest reservoir of gold, its
concentration is only 0.01 mg/m°>, while on average 1-2 g/t
1s found 1n the upper crust of earth. In this environment, gold
mostly occurs as pure metal (Au®), electrum (Ag/Au),
gold-containing minerals and tiny inclusions are found 1n
large volumes of material, usually rock. Furthermore, 1t 1s
found (often 1n association with quartz) as telluride (AuTe,)
and selenide (AuSe,) or locked 1n the lattice of minerals
such as pyrite and arsenopyrite (invisible gold). Yields of
gold obtained by commercial mining are currently between
0.5 and 13.7 g gold/t rock, with a tendency to increasingly
exploit low-grade ores due to a shortage in higher grade
Ones.

Silver (Ag): Silver 1s about 20 times more abundant than
gold. The majority of silver commercially accessible to date
1s deposited as metallic silver. But also sulphidic minerals
(Ag,S, acanthite) and AgCl (cerargyrit) often occur. Like
gold, also silver minerals are often found embedded 1n silica
matrices (quartz) in particle sizes in the range of nano- to
micrometers.

A number of living microorganisms, but also nonviable,
inactivated cells have the ability to bind metal 1ons. In the
first case, metal binding can occur via adsorption to the cell
surface or via active intracellular accumulation of metal
ions. In the latter case of nonviable, inactivated cells—that
1s often referred to as biosorption—metal 1on binding 1is
believed to occur exclusively via surface adsorption. The
biosorption capacity as a general characteristic of biomass
results from the presence of chelating groups (e.g. carboxyl-,
amide-, hydroxyl-, phosphate-, and thiol-groups) contrib-
uted by carbohydrates, lipids and proteins that are displayed
on the cell surface. It has been described that amounts of
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metals of up to 50% of the cell dry weight can be accumu-
lated by biomass (Vieira and Volesky (2000) “Biosorption:

a solution to pollution?” Int Microbiol 3(1): 17-24). U.S. Pat.

No. 5,055,402 discloses a process for removing metal 1ons
from aqueous solution, using a matrix prepared from metal-
binding microorganisms that have been immobilized and
heat-inactivated at temperatures of 300-500° C. EP 0 432
935 B1 describes the adsorption of soluble metal-cyanide
complexes also from aqueous solution by living biomass.

Traditionally, precious metals such as gold and/or silver
have been recovered by placer (sediment) mining or hard
rock mining using gravity and pyrometallurgical methods.
Due to the exhaustion of metal-rich ores, hydrometallurgical
techniques are increasingly employed to recover precious
metals from low-grade sources. Methods for precious metal
recovery, particularly gold, are work-intensive and require
the use of heavy machines as well as of hazardous and
recalcitrant chemicals. Nowadays, about 90% of the com-
mon 1ndustrial processes for the recovery of precious metals
are based on cyanmidation methods, since cyanide 1s one of
the very few substances that are able to dissolve gold. In
order to allow cyanide 10ns or other compounds to access a
large portion of the metal enclosed in its ores, ores are
generally ground to small particle sizes. However, the con-
ventional method of separation of precious metals using
cyanide leaching 1s problematic for the environment as well
as for human health. Therefore, more environment-friendly
processes would be desirable.

W0O2009/130006 describes a procedure for 1solating met-
als, notably precious metals, or their compounds from
particulate material such as mineral ores using certain bio-
mass. The biomass binds the metal or the metal compound
by cell components of the organisms. After separation of the
biomass from unbound material of the particulate material,
the metal or a compound of said metal can be 1solated from
the biomass. However, identifying biomass or other material
suitable for such process 1s not an easy task.

Departing from the prior art, it 1s an object of the
invention to provide a methodology for 1identifying material
capable of binding a heavy metal such as gold and/or silver.
It 1s another object of the invention to provide a process of
isolating a heavy metal such as gold and/or silver from
material containing the heavy metal such as gold and/or
silver.

SUMMARY OF THE INVENTION

Accordingly, the present invention provides inter alia:
1. A process of 1solating or enriching a heavy metal such as
gold and/or silver present 1in a liquid medium, comprising

a step of mcubating a liquid medium containing a heavy
metal and biomass comprising a bacterium capable of bind-
ing the heavy metal;

a step of separating the biomass having bound heavy
metal from the liquid medium of the previous step; and

a step of 1solating the heavy metal from the biomass
separated 1n the previous step.
2. The process according to item 1, wherein said bacterium
belongs to the genera Pseudochrobactrum or Stenotropho-
monas.
3. The process according to item 1, wherein said bacterium
1s selected from the following species: Pseudochrobactrum
asaccharvolyticum, Bacillus subtilis, Bacillus pumilus,
Pseudomonas fluovescens, Stenotrophomonas maltophilia,
Bacillus cereus, and Pseudomonas aeruginosa, and combi-
nations thereof.
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4. The process according to any one of 1tems 1 to 3, wherein
said bacterium 1s selected from:

Pseudochrobactrum asaccharolvticum (DSM-25619),
Bacillus subtilis subsp. subtilis (DSM-10), Bacillus pumilus
DSM-277, Pseudomonas fluorvescens (DSM-30090), Steno-
trophomonas maltophilia (DSM-50170), Bacillus cereus
(DSM-31), and Pseudomonas aeruginosa (DSM-50071).
5. The process according to any one of items 1 to 4, wherein
said biomass comprises living biomass and/or dead biomass.
6. The process according to item 5, wherein said biomass 1s
or comprises dead biomass.

7. The process according to any one of items 1 to 6, wherein
the incubating step comprises agitating the liquid medium
containing the heavy metal and the biomass for forming,
film or foam containing biomass having bound heavy metal;
and the separating step comprises removing the film or foam
from the liquid medium.

8. The process according to any one of items 1 to 7, wherein
the incubation step 1s conducted in a reactor comprising an
agitator for agitating the liquid medium.

9. The process according to any one of items 1 to 8, wherein
saild heavy metal 1s selected from ruthenium, rhodium,
palladium, silver, osmium, iridium, platinum, gold, and/or
rare earth metals, preferably the heavy metal 1s silver and/or
gold.

10. The process according to any one of items 1 to 9,
wherein said heavy metal present in said liquid medium 1s 1n
clemental form or 1s a compound of said heavy metal.

11. The process according to any one of items 1 to 10,
wherein said heavy metal 1s bound to the biomass in
particulate form.

12. The process according to any one of items 1 to 11,
wherein said liquid medium i1s a suspension containming,
particulate material containing the heavy metal.

13. The process according to item 12, wherein said particu-
late material contains the heavy metal in an amount of at
most 10000 ppm by weight, preferably at most 1000 ppm by
weilght, more preferably at most 100 ppm by weight, even
more preferably at most 10 ppm by weight, even more
preferably at most 1 ppm by weight, and even more prei-
erably at most 0.1 ppm by weight.

14. The process according to 1item 12 or 13, wherein said
particulate material 1s a mineral ore such as a sulfidic or
oxidic mineral ore.

15. The process according to any one of items 12 to 14,
wherein said particulate material has a particle size of at
most 400 um, preferably at most 300 um, more preferably at
most 200 um or even more preferably at most 100 um
determined by sieving.

16. The process according to any one of items 1 to 15,
wherein the incubating step i1s preceded by or comprises a
step of biooxidation said mineral ore as said particulate
material for releasing from said mineral ore silver or gold or
for increasing accessibility of the biomass to silver or gold
in the mineral ore.

1’7. The process according to any one of items 12 to 15,
wherein said suspension contains, 1n the separating step, a
cell dry weight of said biomass i an amount of from 0.01
to 20% (w/w) based on the weight of the ore contained in the
SUSpens1on.

18. The process according to item 17, wherein said suspen-
s1ion contains a cell dry weight of said biomass 1n an amount
of from 0.05 to 0.5% (w/w) based on the weight of the ore
contained 1n the suspension.

19. A process of 1solating or enriching a heavy metal present
in a suspension containing a particulate mineral ore con-
taining a heavy metal, comprising
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4

a step of incubating a suspension containing (1) a particu-
late mineral ore containing a heavy metal and (1) biomass
comprising a bacterium capable of binding the heavy metal;

a step ol separating the biomass having bound heavy
metal from the suspension of the previous step; and

a step of 1solating the heavy metal from the biomass
separated 1n the previous step.

20. The process according to any of items 12 to 19, wherein
said suspension contains the mineral ore, 1n the separating

step, 1n an amount of from 1 to 60% (w/w), preferably from
1 to 50% (w/w), based on the total weight of the suspension.
21. The process according to any of items 12 to 20, wherein
said suspension contains the mineral ore, 1n the separating
step, 1n an amount of from 10 to 40% (w/w), preferably from
10 to 25% (w/w), based on the total weight of the suspen-
$101.

22. Use of a bactertum selected from the genera Pseudochro-
bactrum and Stenotrophomonas, or selected from the group
of species consisting of Pseudochrobactrum asaccharolyti-
cum, Bacillus subtilis, Bacillus pumilus, Pseudomonas fluo-
rescens, Stenotrophomonas maltophilia, Bacillus cereus,
and Pseudomonas aeruginosa, for 1solating or enriching a
heavy metal, preterably elemental gold and/or silver.

23. An assay for identifying a bacterium capable of binding
clemental heavy metal such as gold and/or silver, compris-
ing the following steps:

cultivating a test bacterium 1n a suitable first culture
medium;

immersing at least a surface portion of a test tool into the
first culture medium for a second predetermined period of
time, said surface portion being coated by elemental heavy
metal, respectively;

removing said test tool from said first culture medium and
optionally rinsing the test tool;

contacting a second culture medium with the surface
portion coated by elemental heavy metal of said test tool
removed in the previous step; and

identifying the test bactertum as being capable of binding
clemental heavy metal from growth of the test bacterium 1n
said second culture medium.

24. The assay of 1item 23, wherein said container 1s part of
a multi-well plate and said test tool 1s a pin on the cover lid
of the multi-well plate, said pin being coated by elemental
heavy metal, preferably elemental silver or gold, at least on
a t1p portion of the pin, wherein said pin extends downwards
from the cover lid into said container such that the tip of the
pin 1s immersed ito the first culture medium 1n step (11).
25. The assay of 1tem 23 or 23, wherein said second culture
medium that may be an agar plate contains a, preferably
soluble, salt of the heavy metal, preferably an optionally
soluble, salt of gold and/or silver, respectively, for selecting
test bacteria capable of growing 1n the presence of said salt
of the heavy metal, preferably the salt of the gold and/or
silver.

The mventors have found a method for 1dentifying bac-
teria capable of binding a heavy metal such as gold and/or
silver, preferably 1n non-ionic form. The method can be
performed on multi-well format and therefore allows screen-
ing ol many bacterial strains 1n parallel. The method allows
combining two selection criteria, namely binding of bacteria
to heavy metal such as gold and/or silver coated surfaces and
selection 1n media containing a compound of the metal.
Accordingly, bacterial strains capable of binding heavy
metal such as gold and/or silver can be identified with high
elliciency. Biomass of bacteria identified by the assay of the
invention or by other means can be used for 1solating the
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heavy metal such as the gold and/or silver from liquid
medium containing the heavy metal such as the gold and/or
silver, respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: Lids for 96 well microplates with pins. From left
to right: uncoated, silver coated, gold coated via dental
techniques, gold coated via vacuum deposition.

FIG. 2: Screening of microorganisms from a proprietary
strain collection (Bioarchive of BRAIN AG) using silver and
gold coated pins and subsequent selection on agar medium
comprising 200 uM AgNO, or 400 uM HAuCl,, respec-
tively.

FIG. 3: Selection of the best candidates. 12 microorgan-
1sms from 168 were selected due to their resistance to gold-
and silver 1ons and their performance in the biological
separation process (BSP). The 1 to 4” and 6 organisms
from the left were selected for further upscaling of the
process. Recovery [%] ([ug] Au K/([ug] Au E)*100;
K=Concentrate (Flotate); E=Total Ore; Enrichment rate [—]:
([lug] Au K/[g] K)/(Jug] Au E/[g] E); K=Concentrate
(Flotate); E=Total Ore; a) Analysis of gold, b) Analysis of
silver.

FIG. 4: Inactivated biomass of 12 selected microorgan-
isms and their performance in the biological separation

process (BSP). Inactivated biomass was generated by ster-
lization (121° C., 20 min, 1 bar). Recovery [%] ([ug] Au

K/(Jug] Au E)*100; K=Concentrate (Flotate); E=Total Ore;
Enrichment rate [-]: (Jug] Au K/[g] K)/([ug] Au E/[g] E);
K=Concentrate (Flotate); E=Total Ore; a) Analysis of gold,
b) Analysis of silver.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

In the assay for identilying a bacterium capable of binding
clemental heavy metal such as gold and/or silver, a test
bacterium 1s first cultivated 1n a culture medium suitable for
the test bacterium. The assay may also be used for identi-
fying microorganisms other than bacteria, such as archaea or
fungi. The cultivating step may be performed 1n a suitable
container, the type of which 1s not particularly limited and
any container known for cultivation of bacteria can be used
including containers made from glass or plastic. The size of
the container 1s also not limited. However, 1t 1s preferred to
conduct the assay with small volumes of culture medium of
from 0.2 to 100 ml, preferably from 0.3 to 20 ml, more
preferably from 0.5 to 10 ml, and even more preferably from
1 to 3 ml. The container may be a well of a culture plate. In
one embodiment, the assay i1s performed with many test
bacteria 1n parallel and/or with the same bacteria 1n parallel
under different conditions or 1n different culture media. For
such purpose, multi-well plates may be used.

The culture medium or culture media to be used depend(s)
on the type of bacteria to be cultivated. Suitable culture
media are known for many bacteria and other microorgan-
isms. A medium suitable for culturing many bacteria is
Luria-Bertant medium. The time for cultivation may be
selected such that the bacteria are 1n a growth phase suitable
for binding heavy metal such as gold and/or silver. A growth
state suitable for binding of heavy metal such as gold and/or
silver may be an exponential growth phase. However, other
growth phases such as a stationary phase may also be tested.
Thus, the method 1s also usable as an assay for 1dentifying
suitable conditions for binding elemental heavy metal such
as gold and/or silver by a bactertum or other microorganism.
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Conditions to be tested may be growth phase, culture
medium, temperature, bufler, pH, cell density etc.

In step (1), the test bacterium 1s cultivated for achieving a
suitable cell density of the test bacteria for the subsequent
step. The cultivation time may be very short such as some
minutes 1f the test bacterium was inserted into the container
already at a cell density suitable for the subsequent steps.
Alternatively, the cultivation time may be several hours it
the test bactertum was inoculated 1n a small concentration
into the first culture medium present 1n the container.

In step (11) of the assay, at least a surface portion of a test
tool 1s contacted with the test bacterium in the culture
medium. The test tool has a surface portion that 1s coated
with elemental heavy metal such as elemental gold and/or
clemental silver, or has a coating containing elemental heavy
metal such as gold or silver. A test bacterium having the
capability of binding elemental heavy metal such as elemen-
tal gold and/or elemental silver will bind to the gold and/or
silver containing coating on said surface portion of the test
tool. There are several methods of coating the surface
portion or the entire test tool with elemental heavy metal
such as gold and/or silver. One method 1s electrodeposition
of elemental heavy metal such as gold and/or silver from
heavy metal (e.g. gold and/or silver) compounds in an
aqueous solution (electroplating), which 1s a method gener-
ally known 1n the art of surface treatment. Another method
applicable 1s chemical vapor deposition (CVD).

The test tool may be of elongated shape having the coated
surface portion at one end thereof. This allows easy immer-
s10on of at least the coated surface portion 1nto the first culture
medium. The test tool may be connected to a lid of the
container at an end of the test tool opposite to the end where
the coated surface portion 1s located. In this way, the test tool
can be immersed into the culture medium when the hid
covers a part of or the entire top opening of the container. In
step (1), a lid of the container present during the cultivation
of step (1) may be removed from the container and replaced
by the lid-test tool assembly, whereby the coated surface
portion 1s immersed into the first culture medium. Alterna-
tively, the entire cultivating step (1) may be conducted with
the test tool immersed into the culture medium, e.g. by
covering the container with the assembly comprising a lid
and the test tool during step (1). In the latter case, the lid may
not cover the top opening of the container completely for
allowing exchange of air with the culture medium 1n the
container. In embodiments where multiple assays are con-
ducted 1n parallel such as on culture plates, the lids of all
wells may bear a test tool for immersion ito the culture
media of the wells. In such case, the test tool may be a pin
on each cover lid of a multi-well plate, whereby the pins are
coated by elemental silver or gold at least on a tip portion of
the pin. The pins may extend downwards from the cover lid
into the container or well such that the tip of the pin 1s
immersed into the first culture medium.

For reproducibility, the test tool should be immersed, with
its coated surface portion, into the first culture medium for
a predetermined period of time. This period of time should
be suflicient for allowing specific adherence of test bacteria
that can bind elemental heavy metal such as gold and/or
silver. The predetermined period of time may be at least 10
second, but 1s preferably at least 1 minute, more preferably
at least 30 minutes. The upper limit of the period of time 1s
not particularly limited, but beyond 48 hours, no further or
more specific adherence of test bacteria to the coated surface
portion 1s expected.

When the predetermined period of time 1s over or at any
other time deemed suitable by the user, the test tool 1is
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removed from the culture medium. Preferably, the coated
surface or the entire test tool 1s rinsed or washed for
removing not-specifically bound or weakly bound test bac-
teria from the test tool. For rinsing, a rinsing solution may
be used that may be a sterile aqueous bufler or sterile culture
medium compatible with the test bactena.

The test tool or at least the coated surface portion thereof
1s then contacted with a second culture medium for inocu-
lating the second culture medium with any test bacteria
adhering to the surface portion of the test tool. The second
culture medium should be sterile before contacting it with
the test tool. The second culture medium may be the same
culture medium or a different culture medium to that used 1n
step (1). In one embodiment, the second culture medium 1s
a solid or semi-solid culture medium such as an agar plate.
If a multi-well plate 1s used 1n step (1), a multi-well plate of
the same size, shape and arrangement of wells may be used
in this step for allowing automation of the entire assay.

The second culture medium may contain a, preferably
water soluble, compound of the heavy metal such as gold
and/or silver for selecting test bacteria capable of growing 1n
the presence of said soluble compound of the heavy metal
such as gold and/or silver, respectively. Generally, the com-
pound of the heavy metal in the second culture medium 1s or
contains a compound of the same metal that 1s coated on the
test tool. This allows a second selection step for identifying,
a bacterium capable of binding elemental heavy metal such
as gold and/or silver. It 1s, however, also possible to employ,
additionally or alternatively, a compound of a heavy metal
in the second culture medium different from the metal that
1s coated on the test tool. The compound of the heavy metal
such as gold and/or silver may be a, preferably water
soluble, salt of a heavy metal such as gold and/or silver. The
concentration of the compound or salt of the heavy metal
such as gold and/or silver 1n said culture medium may be
suitably determined as described in the Examples. An
example of soluble gold compound 1s HAuCl,. An example
of a soluble silver compound 1s AgNO,. The soluble gold
compound may be used 1n a concentration of from 50 uM to
1 mM, preferably of from 100 to 700 uM, more preferably
of from 250 to 600 uM. The soluble silver compound may
be used 1n a concentration of from 20 uM to 1 mM,.,
preferably of from 50 to 600 uM, more preferably of from
150 to 500 uM.

A test bactertum being capable of binding elemental
heavy metal such as gold and/or silver may be i1dentified
from growth of the test bacterium in said second culture
medium. The second culture medium may be inspected or
analyzed for bacterial growth after a predetermined cultiva-
tion time which may be after between 5 and 48 hours,
preferably after 10 to 20 hours. This identification may be
supported using commercially available plate readers or
using photography of the second culture medium.

Bacterial strains capable of binding elemental gold and/or
silver and i1dentifiable by the assay described above are
selected from the following genera and species:

Pseudochrobactrum, prelerably Pseudochrobactrum

asaccharolyticum, Bacillus subtilis, Bacillus pumilus,
Pseudomonas fluorvescens, Stenotrophomonas, prefer-
ably Stenotrophomonas maltophilia, Bacillus cereus,
and Pseudomonas aeruginosa. Specific examples of

such bacterial strains are: Pseudochrobactrum asac-
charvolyticum (DSM-25619), Bacillus subtilis subsp.

Subtilis (DSM-10), Bacillus pumilus DSM-27,
Pseudomonas fluorescens (DSM-50090), Stenotropho-
monas maltophilia (DSM-50170), Bacillus cereus
(DSM-31), and Pseudomonas aeruginosa (DSM-
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50071). The “DSM” numbers refer to deposit numbers
of the Deutsche Sammlung von Mikroorganismen and
Zellkulturen GmbH. In another embodiment, the bac-
tertum 1s selected from Pseudochrobactrum, preterably
Pseudochrobactrum asaccharvolyvticum, Pseudomonas
fluorescens, Stenotrophomonas, prelerably Stenotro-
phomonas maltophilia, and Pseudomonas aeruginosa.

Bactenal strains identified or identifiable by the assay of
the invention, notably those listed above, may be used as
biomass 1n a process of 1solating or enriching heavy metal
such as gold and/or silver. The biomass may contain bacteria
selected from the genera, species or strains listed above. The
biomass may comprise a combination of two or more
bacteria, such as two or more bacterial strains or bacterial
genera. The biomass may comprise a combination of three
or more bacteria, such as three or more bacterial strains or
bacterial genera.

The process of 1solating or enriching heavy metal such as
gold and/or silver 1s generally performed 1n a liguid medium.
The biomass binds the heavy metal such as gold and/or
silver by cell components of the bacteria. After separation of
the biomass from unbound material, the heavy metal such as
gold and/or silver can be isolated from the biomass. The
invention allows 1solating heavy metal such as gold and/or
silver from material that contains only low amounts of heavy
metal such as gold and/or silver without the use of hazardous
cyanide leaching and/or amalgam processing. The material
from which the heavy metal 1s 1solated and/or enriched may
contain the heavy metal 1n an amount of at most 10000 ppm
by weight, preferably at most 1000 ppm by weight, more
preferably at most 100 ppm by weight, even more preferably
at most 10 ppm by weight, even more preferably at most 1
ppm by weight, and even more preferably at most 0.1 ppm
by weight. The process of the mvention provides an envi-
ronmentally innocuous access to heavy metal such as gold
and/or silver that requires little energy and avoids pollution
of the environment.

The biomass according to the imvention can comprise
living biomass, 1.¢. the biomass can contain living bacteria.
However, it was surprisingly found that dead biomass can
also be used, in particular biomass that contains dead
bactenia. Thus, 1n a preferred embodiment of the invention,
a biomass 1s used which comprises at least 70% dead
biomass, in particular at least 70% dead bacterial cells,
preferably at least 80 or 90% dead biomass, in particular at
least 80 or 90% dead bacterial cells, more preferably at least
95 or at least 99% dead biomass, 1n particular at least 95 or
at least 99% dead bacterial cells. In one embodiment,
biomass 1s used which comprises at least 99.9% dead
biomass, 1n particular at least 99.9% dead bacterial cells.

In case of living biomass, dead bacterial cells may addi-
tionally be present. If living biomass or bacteria are used, the
liquid medium used in the process of 1solating or enriching
heavy metal such as gold and/or silver preferably contains
suitable nutrients for enabling growth and survival of the
bacternia 1n the liquid medium. The latter may not be nec-
essary 1 dead biomass 1s used. Dead biomass may be
obtained from living biomass of the bactenia selected from
the genera, species or strains listed above. Dead biomass 1s
characterized by the inability to proliferate and/or to main-
tain metabolic functions. Dead biomass may contain less
than 10% living bacterial cells, preferably less than 5%
living bacternial cells, more pretferably less than 1%, even
more preferred less than 0.01% living bacterial cells 1n terms
of number of cells based on the total number of cells 1n a
sample of the biomass. The dead biomass may be obtained
by culturing living biomass containing bacteria in aqueous
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media until suitably high cell densities are obtained. The
bacterial cells may be separated from the liquid medium, e.g.
by sedimentation, notably by centrifugation, or other means
such as filtration to obtain a wet biomass. The separated wet
biomass may then be inactivated for obtaining dead bio-
mass. Inactivation can be achieved for example by applying
heat and/or high pressure to the biomass, 1n processes known
in the art such as pasteurization or autoclaving. The wet
biomass may be dried by reducing the content of solvent.
Drying may be done at elevated temperature and/or under
vacuum. The drying step generally kills most of the bacterial
cells, whereby dead biomass of the bacteria 1s obtained. In
a preferred method for obtaining dead biomass, living bac-
terial cells or the wet biomass may be sterilized at elevated
temperature, optionally with additional application of pres-
sure. Sterilization may be performed at a temperature of
from 60° C. to 140° C., preferably at from 70° C. to 130° C.,
more preferably at from 80° C. to 121° C. The duration of
sterilization may be adjusted to the temperature applied,
whereby longer durations are used where the temperature 1s
on the lower side of the ranges mentioned betfore. Generally,
sterilization may be done for 5 min to 3 hours, preferably
from 10 minutes to 60 minutes. In one embodiment, the
temperature 1s from 60° C. to 90° C. and the duration 1s from
1 hour to 3 hours. In another embodiment, the temperature
1s from 90° C. to 130° C. and the duration 1s from 10 minutes
to 30 minutes. The optional additional application of pres-
sure may be from 0.5 to 5 bar, preferably from 1 to 3 bar
(above ambient pressure). Specific examples for conditions
usable for sterilization or 1nactivation of the bacterial cells
are 121° C. for 20 minutes, 1 bar, and 80° C. for 1 h. The
dead biomass may be stored until use 1n the process of the
invention.

For carrying out the process of isolating or enriching
heavy metal such as gold and/or silver, dead or living
biomass of a bacterium that 1s known to be able to specifi-
cally adsorb heavy metal such as gold and/or silver is
incubated, preferably agitated, 1n a liquid medium contain-
ing heavy metal such as gold and/or silver. The heavy metal
such as gold and/or silver contained in the liquid medium
may derive from any material containing heavy metal such
as gold and/or silver such as elemental heavy metal (such as
clemental gold and/or silver) or compounds of heavy metal
(such as compounds of gold and/or silver), notably mineral
ore. In one embodiment, the heavy metal such as gold and/or
silver to be 1solated or enriched 1s present 1n solid materal
from which the heavy metal such as gold and/or silver can
be 1solated or enriched. Solid material, such as mineral ore
containing heavy metal such as gold and/or silver 1s pret-
erably crushed, milled or pulverized for obtaining particu-
late material before 1nserting 1t into the liquid medium, and
may be pre-treated using methods suitable to facilitate metal
release, such as biooxidation or incubation with microor-
ganisms that produce corrosive metabolites. The liquid
medium may be a suspension of solid material forming a
solid phase 1n the liquid phase of the liquid medium.

The mcubating step of the process may take place 1n a
continuous-tlow, stirred-tank reactor or open pond such as
used 1n waste-water treatment plants. In this environment,
parameters that are important for microbial growth (pH,
temperature, nutrients) can be controlled and therefore,
bacteria can be stably maintained over space and time.
Generally, the liquid medium 1s agitated during the incuba-
tion step, followed by a separation step. In one embodiment,
a tlotation procedure can be applied in which the liquid
medium 1s agitated such that a film or foam containing the
biomass having bound heavy metal such as gold and/or

10

15

20

25

30

35

40

45

50

55

60

65

10

silver 1s formed on the top of the liquid medium. The film or
foam may be removed from the top of the liquid medium,
and heavy metal such as gold and/or silver can be 1solated
from the film or foam. In another embodiment, a density
gradient may be applied to the liquid medium to separate the
biomass 1 a layer of the liquid medium, and the layer
containing the biomass may be separated from the liquid
medium e.g. by aspiration. In another embodiment, the
biomass may be sedimented in the liquid medium and the
layer containing the sedimented biomass may be separated
from the liquid medium by removing the supernatant.

In the process of the invention, a huge concentration effect
can generally be achieved by binding a heavy metal such as
gold and/or silver from low grade material to the biomass.
Thus, the biomass separated from the liquid medium and
having bound heavy metal typically has a mass that 1s
significantly lower than the mass of the heavy metal con-
taining material used at the outset. This concentration effect
allows transporting the biomass separated from the liquid
medium, optionally in a dried state, over long distances,
where transport of an amount of the original heavy metal
containing material would not be economical. Thus, the
invention allows separation of the location where the 1ncu-
bating and separating steps are performed from the location
where the 1solating step 1s performed.

In the present invention, heavy metal may be heavy metal
in iree, elemental form (non-ionic or mineral) or a com-
pound such as a salt or salts of the heavy metal. The heavy
metal may be selected from ruthenium, rhodium, palladium,
silver, osmium, 1ridium, platinum, gold, and rare earth
clements (REE). The REE may be selected from lanthanum,
cer, prascodym, neodym, promethium, samarium, europium
scandium, yttrium, gadolinium, terbium, dysprosium, hol-
mium, erbium, thulium, ytterbium, and lutetium. In a pre-
ferred embodiment, the heavy metal 1s silver and/or gold.

A metal 1n elemental form has bonds between metal atoms
and oxidation state 0. If the heavy metal such as the gold
and/or silver 1solated or enriched in the invention i1s 1n
clemental form, 1t may form nanoscale particles such as
metal clusters. Nanoscale particles of the heavy metal such
as the gold and/or silver and clusters thereol may have
ligands that occupy Iree valencies of metal atoms located on
the surface of the nanoscale metal particles or clusters.
Clusters of elemental heavy metal such as the gold and/or
silver may comprise from 2 to 1000 metal atoms. In another
embodiment, the clusters may comprise from 3 to 500 metal
atoms. In further embodiments, the clusters may comprise
from 5 to 400 or from 20 to 300 metal atoms. In general,
nanoscale particles have a size of <300 nm, in another
embodiment of <100 nm, in a further embodiment of <50
nm, and 1n a still further embodiment of <10 nm. A metal 1in
clemental form 1s typically isoluble 1n aqueous media.
However, nanoscale elemental heavy metal such as such as
gold and/or silver metal or clusters thereof may be dispersed
or dispersible 1n aqueous media, e.g. in the form of a colloid.

In compounds of the heavy metal such as the gold and/or
silver gold and/or silver, the metal atoms may have an
oxidation state of 0 or may be oxidized. It 1s also possible
that a metal compound contains metal atoms 1 2 or more
different oxidation states. The heavy metal such as the gold
and/or silver compound may be a salt of the heavy metal
such as the gold and/or silver. A compound of heavy metal
such as the gold and/or silver may be soluble or insoluble 1n
aqueous solution. In one embodiment, the compound of the
heavy metal such as the gold and/or silver i1s essentially
insoluble 1n water at pH 7.0 and 25° C. Essentially insoluble
means that 1 1 of pure water dissolves at most 10 mg of said
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compound at pH 7.0 at 25° C. If 1t 1s mnsoluble or essentially
insoluble 1n water at pH 7.0 at 25° C., the compound of
heavy metal such as the gold and/or silver present 1n a
material such as a mineral ore may be finely dispersed or
dispersible 1n water e.g. in the form of a colloid.

In the process of the mnvention, the heavy metal such as
the gold and/or silver may undergo a chemical reaction e.g.
when bound to or separated from said biomass. Thus, the
metal 1solated in the 1solating step may be 1n a chemical
form different from the chemical form at the outset of the
process of the invention. The present i1nvention covers
processes wherein the chemical state of a metal to be
1solated changes 1n the course of the process. It 1s possible
that the heavy metal such as the gold and/or silver to be
1solated contains the metal 1n two or more diflerent chemaical
states or compounds.

The material containing heavy metal such as the gold
and/or silver to be 1solated may be any material such as a
mineral ore. The matenial 1s generally particulate material.
The maternial may contain high amounts of silicates or
quartz. The mineral ore may be a mining waste material
obtained in a process of 1solating a desired component other
than the metal of the invention from a mineral ore. The
material may for example be or contain a sulfidic mineral
material such as pyrite. In one embodiment, the heavy metal
such as the gold and/or silver, notably the elemental gold
and/or silver, of the mmvention 1s finely distributed 1n the
material such as an elemental metal locked in the crystal
lattice of a mineral such as pynte. Such extremely fine
distributed or dispersed elemental metal 1s generally referred
to as “invisible metal”; if the metal 1s gold, it 1s referred to
as “invisible gold”.

In the incubating step of the process of the imvention, an
aqueous mixture 1s prepared using material containing heavy
metal such as gold and/or silver and the biomass of the
invention. The particulate material such as the particulate
mineral ore to be used should be finely ground. For this
purpose, the incubating step may be preceded by a grinding,
step. The particulate material may have a particle size,
determined by sieving, of at most 5 mm. Alternatively, the
particulate material may have a particle size of at most 1
mm, of at most 400 um, or of at most 100 um determined by
sieving. In a further embodiment, the particles are smaller
than 100 um smaller than 50 um or smaller than 10 um,
which may be achieved by sieving of a ground material. The
yield of the process of the invention 1s the higher, the smaller
the particle size of the particulate material used in the
incubating step.

The incubating step 1s typically conducted in reactors, e.g.
as are used in waste-water treatment. The reactor preferably
contains an agitation system for agitating the aqueous mix-
ture. The reactor may be a stirred-tank reactor and can be
operated 1 a batch or continuous-tlow mode. The reactor
may be equipped with devices for measuring and controlling,
parameters such as temperature, pH, nutrient content etc.
Such means are known 1n the art. The liquid medium or
mixture prepared for the incubating step generally 1s an
aqueous medium or mixture. The liquid medium or mixture
contains the biomass as well as the heavy metal such as gold
and/or silver to be 1solated or enriched. The liquid medium
can be used for controlling conditions for binding the heavy
metal such as gold and/or silver by the biomass, such as
temperature, concentration of biomass and material contain-
ing the heavy metal such as gold and/or silver, pH, 1onic
strength etc. The liquid medium or mixture may further
include media with nutrients required for the growth of the
biomass, where the biomass used i1s or contains living
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bactenal cells to be used for 1solating or enriching the heavy
metal such as gold and/or silver. Suitable growth conditions
and nutrient requirements for the biomass used can be
obtained from the general prior art on microbiology. Suitable
growth conditions are also provided by collections of micro-
organisms such as the American Type Culture Collection
(ATCC) or the German Collection of Microorganisms and
Cell Cultures (Deutsche Sammlung von Mikroorganismen
and Zellkulturen GmbH, DSMZ) where suitable bacterial
strains can be obtained from. Further, the aqueous medium
or mixture contains the biomass used for binding the gold
and/or silver to be 1solated. Typically, the biomass 1s added
to the reactor at such an amount that the concentration in the
reactor allows for further growth of the biomass. For this
purpose, one or more pre-cultures may be grown 1n separate
reactors for maintaining sufliciently large amounts of the
biomass 1 aqueous suspension to be used. Alternatively,
dead biomass 1s used for 1solating or enriching the heavy
metal such as gold and/or silver as described above. In this
case, the dead biomass 1s added to the liquid medium or
mixture.

The amount or concentration of biomass in the liquid
medium or mixture 1s not particularly limited. However, 1t
too little biomass 1s present, not all heavy metal such as gold
and/or silver that 1s accessible for binding may be bound by
the biomass. If more biomass 1s used than 1s needed for
binding the available heavy metal such as gold and/or silver,
this may not be economical and, at some point, agitation
may become dithicult due to high viscosity caused by the
biomass. A suitable amount of biomass to be used on the
large-scale may be determined by a number of smaller scale
experiments, wherein the amount or concentration of bio-
mass for a given heavy metal such as gold and/or silver-
containing material 1s determiming by measuring the amount
of the heavy metal such as gold and/or silver, respectively,
that can be bound by the biomass or that remains in the
material that originally contained the heavy metal such as
gold and/or silver.

The content of particulate material (such as mineral ore)
in the aqueous medium or mixture of the incubating step
may, for example, be between 1 kg and 500 kg particulate
material per m> of the aqueous mixture. Alternatively, said
content may be between S kg and 100 kg particulate material
per m” of the aqueous mixture. Similarly, as described above
with regard to the amount or concentration of biomass to be
used, a suitable amount of particulate material may be
determined experimentally 1 small scale experiments
before carrying out larger scale processes.

In the incubating step of the process of the invention, the
aqueous medium 1s ncubated for allowing binding of the
heavy metal such as gold and/or silver by the biomass. The
incubation time depends on the rate of binding. Generally,
the incubation time 1s between 0.5 hours and 96 hours,
preferably between 0.5 hours and 48 hours, more preferably
between 1 and 48 hours, more preferably between 1 hour
and 24 hours and most preferably between 3 and 24 hours.
The temperature of incubation depends mostly on the type of
biomass used. Temperature control may be used for con-
trolling growth of said biomass. During incubation, param-
cters 1n the liquid medium or mixture such as pH, nutrient
content, temperature etc. are monitored and, 1f necessary,
controlled for maintaining desired incubation conditions.

In the cubating step, the liquid medium 1s preferably
agitated using an agitator and 1s intimately mixed for form-
ing a film or foam containing biomass on the top of the
medium. It 1s, however, not necessary that agitation 1s
performed during the entire incubation time. Optionally, a
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gas such as air 1s introduced into the reactor for supporting
formation of a film or foam on the surface of the liquid

medium.

After the incubating step, the separating step may be
conducted. After the incubating step, remaining particulate
material may be allowed to settle and may be removed. If a
film or foam containing biomass having bound heavy metal
such as gold and/or silver was produced, the film or foam
may then be removed from the top of said liquid medium.
Alternatively, the biomass having bound heavy metal 1s
separated by other methods such as sedimentation. The
separated biomass may, depending on the subsequent step,
be dried for facilitating storage and/or transport of the
biomass before the i1solating step 1s performed. The liquid
medium (such as the suspension) may contain, in the sepa-
rating step, a cell dry weight of the biomass 1n an amount of
from 0.01 to 20% (w/w) based on the weight of the ore
contained 1n the liquid medium (or the suspension). Prefer-
ably, the liquid medium (or suspension) contains a cell dry
welght of said biomass 1 an amount of from 0.05 to 5%
(w/w), preferably from 0.05 to 0.5% (w/w), based on the
weight of the ore contained in the liquid medium or sus-
pension, respectively. In the separating step, the liquid
medium (such as the suspension) may contain the ore 1n an
amount of from 1 to 50% (w/w), preferably from 10 to 25%
(w/w) based on the total weight of the liquid medium (or
suspension).

In the 1solating step, termed biological separation process
(BSP), heavy metal such as gold and/or silver bound to the
biomass 1s 1solated from said biomass. The heavy metal such
as gold and/or silver may for example be desorbed from the
biomass 1n a liquid phase using acidic or basic conditions.
Alternatively, the biomass may be combusted to destroy and
remove organic matter of said biomass. The metal may be
purified from the residue and/or ashes of the biomass.

The process of the invention may be combined with
process steps used for isolating metals from metal ores
known from prior the art. In order to facilitate access of the
biomass used in the invention to particles or compounds of
heavy metals present 1n the particulate maternial, a known
biooxidation step may be used in combination with the
invention. For instance, 1f said particulate material 1s a
sulfidic ore such as pyrite, sulfide-oxidizing bacteria such as
Acidithiobacilli may be used for at least partially degrading,
the sulfidic mineral. Such biooxidation or bioleaching 1s
described by (Rawlings and Johnson (2007) “The microbi-
ology of biomining: development and optimization of min-
eral-oxidizing microbial consortia.” Microbiology 153: 315-
324). This treatment may be carried out belfore the
incubating step of the invention or concurrently with this
step by adding the biooxidation organism to the aqueous
solution of step (1). Examples of biooxidation or bioleaching
organisms are A. ferrooxidans, A. thiooxidans, Leptospiril-
lum ferrooxidans, 1. organoparus, Thermothrix thiopara,
Sulfolobus acidocaldarius, and S. brierleyi. The process
described in US 2007/107350 may also be used for the
pre-treatment of recalcitrant ores, whereby the hydrometal-
lurgical treatment step 1s replaced by the process of the
present mvention.

EXAMPLES
Example 1
Resistance-Assay

The growth of several microorganisms (e.g. Escherichia
coli, Xanthomonas campestris, Cupriavidus metallidurans
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and Bacillus sphaericus) was monitored 1n the presence of
the lids with coated pins. Escherichia coli and Xanthomonas
campestris served as negative controls with regard to metal
binding; Cupriavidus metallidurans as positive control.
Additionally, Bacillus sphaericus was used as a positive
control for silver binding. For Bacillus sphaericus the bind-
ing to gold particles and gold coated surfaces was observed
carlier by the inventors. Cupriavidus metallidurans 1s a
gram-negative, rod-shaped bacterium which has gold bind-
ing capacity as described in the literature (Reith et al., 2006).
The species name metallidurans indicates 1ts resistance to
heavy metals and its ability to survive 1n the presence of gold

and silver was 1nvestigated previously (Reith F, Rogers S L,
McPhail D C and Webb D. (2006) “Biomineralization of

gold: biofilms on bacterioform gold.” Science 313(5784):
233-236; Reith F, Etschmann B, Grosse C, Moors H, Benot-
mane M A, Monsieurs P, Grass GG, Doonan C, Vogt S, La1 B,
Martinez-Criado G, George G N, Nies D H, Mergeay M,
Pring A, Southam G and Brugger J. (2009) “Mechanisms of
gold biomineralization 1n the bacterium Cupriavidus metal-

lidurans.” Proc Natl Acad Sci 106(42):17757-17762;
Ledrich ML1, Stemmler S, Laval-Gilly P, Foucaud L, and
Falla T (20035) “Precipitation of silver-thiosulfate complex

and immobilization of silver by Cupriavidus metallidurans
CH34.” Biometals 18(6): 643-650).

To investigate the tolerated concentration of silver and
gold, the microorganisms were propagated 1n liquid medium
and streaked on agar plates with diflerent concentrations of

AgNO, or HAuCl,, respectively. The results are shown in
Table 1 and 2.

For establishing the screening resistance assay, the micro-
organisms were cultured, transierred into microplates and
incubated for three hours at 28° C. with metal coated or
uncoated pins, respectively. After incubation, the lids were
washed 1n saline and subsequently stamped on metal-con-
taining agar plates (Luria-Bertani medium), cultured over
night at 28° C., so that the microorganisms went through a
first and a second selection step. For selection on agar plates,
the medium was finally supplemented with 200 uM AgNO,
or 400 uM HAuCl,, respectively.

Example 2

Binding Assay

An assay-system for detection ol microbial gold- and
silver binding capacity was developed 1n 96-well micro-
plates to enable large-scale screening. For this assay 96-well
MicroWell™ polystyrol plates and Nunc-Immuno™ TSP
(Transierable Solid Phase) polystyrol lids were used. The
lids were equipped with 96 pins reaching into the wells of
the microplate to enable adhesion of the microorganisms.
The lids with pins are available with different surface
materials such as MaxiSorp™ (high aflimity to molecules
with hydrophilic and hydrophobic areas) or PolySorp™
(high athnity to hydrophobic molecules). The lids were
either silver-coated or gold-coated via galvanic treatments
with dental technical methods or gold coating was directly
done via vacuum deposition (FIG. 1). The MaxiSorp™
surface was found to be most suitable for silver and gold
coating and that the gold coating was mechanically stable,
1.€. no erosion or disruption was observed after repeated use
in 96-well plates comprising culture medium.
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TABLE 1

Microbial growth dependence on AgNO; concentration;
X = growth, (X) = weak growth

AgNO;
concen- Cupriavidus Bacillus Xanthomonas  Escherichia
tration metallidurans  sphaericus campestris coli
2 uM X X X X
10 pM X X X X
20 uM X X X X
50 M X X X X
100 uM X X X X
150 pM X X
200 uM (X)
400 M
1000 pM
TABLE 2

Microbial growth dependence on HAuCl, concentration;
X = growth, (X) = weak growth

HAuCl,
concen- Cupriavidus Bacillus Xanthomonas  Escherichia
tration metallidurans  sphaericus campestris coli
2 uM X X X X
20 uM X X X X
100 pM X X X X
200 uM X X X X
300 uM X X X
400 uM X
500 uM X
1000 uM

For the discovery of novel microorganisms with resis-
tance to silver and gold, a screening assay was set up using,
microorganisms irom the proprietary strain collection of the
BRAIN company of the species indicated 1n FIG. 2. For this
assay, the second selection was carried out 1n a concentration
of 200 uM AgNO, and 400 uM HAuCl,, respectively.

The procedure was as follows. First, the organmisms were
cultivated for 1 to 2 days 1n 750 uLL medium 1n 96 deep well
plates at 300 rpm and 28° C. 100 ul of each of the cultures
were transierred into two microplates, each equipped with
pins coated with silver or gold, respectively. Incubation was
for 3 hours 28° C. at 450 rpm, followed by washing with
saline and draining the liquid off on sterile cellulose paper.
The cultures were stamped on agar containing 400 uM
HAuCl, or 200 uM AgNO,, respectively, and incubated at
28° C. up to 4 to 6 days (FIG. 2).

Example 3

Biological Separation Process (BSP)

168 metallophilic microorganisms 1dentified 1n the resis-
tance and binding assay were used for separation experi-
ments according to the following procedure. Microorgan-
1sms were streaked out on agar plates directly after thawing
(conservation vials are kept at —80° C.) and the plates were
cultured at 28° C. overnight. The cultures were inoculated 1n
liquid Luna-Bertani medium and cultured at 28° C. over-
night. After that, these pre-cultures were split and inoculated
in iresh medium. One of the cultures was induced by the
addition of 20 uM AgNO, or 40 uM HAuCl,, respectively.
The other culture was grown under the same conditions
without metal 10n treatment. Both cultures were incubated at
28° C. over night. The cells were sedimented by centrifu-
gation at 4500 rpm for 10 min, resuspended 1n 0.9% NaC(l
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and the optical density at 578 nm was determined. Cells
were diluted finally to ODS5 per 20 ml using 0.9% NaCl.

Silver or gold containing ore was sieved and 0.5 g ore was
mixed with 20 ml of the cell suspension from the 168
positively screened microorganisms 1n a 25 ml beaker glass.
A cross-shaped magnetic agitator was added, the beaker
glass sealed with Parafilm® and the mixture of ore and cell
suspension stirred at 100 rpm for 16 hours on a magnetic
stirrer. After the agitated incubation time, the mixture was
left for 3 h at ambient temperature without stirring. The
result from the BSP was documented by photography and
the film comprising the biomass with bound metal on the
surface was removed for further gold and silver analysis via
ICP-MS. 12 bacterial species showing the highest bound
amounts of gold and silver were selected. The recovery and
enrichment rate of gold and silver for these 12 non-induced
microorganisms 1s shown in FIGS. 3q and 35. The recovery

[%] given on the primary vertical axis was determined as
follows: ([ug] Au K/[ug] Au E)*100; K=Concentrate

(Flotate); E=Total Ore.

The enrichment rate [-] given on the secondary vertical
axis was determined as follows: ([ug] Au K/[g] K)/(Jug] Au
E/[g] E); K=Concentrate (Flotate); E=Total Ore.

Biological separation was also performed with inactivated
biomass. For that, identical process conditions as described
above were used. Instead of living microorganisms inacti-
vated biomass was used, which was 1nactivated at 121° C.
for 20 min using 1 bar pressure. The recovery and enrich-
ment of gold and silver for the biomass of the 12 non-
induced microorganisms i1s shown in FIGS. 4a and 4b.
Surprisingly, for some organisms the recovery of gold and
silver was considerably higher when dead biomass was used
as compared to living biomass.

Example 4

Process Parameters for Precious Metal Enrichment from Ore
Preparation of Biomass and Determination of Cell Dry
Weight

Biomass was generated by fermentation under culture
conditions as described above. Bacterial cells were har-
vested and cell dry weight (CDW) was determined. Biomass
was sedimented 1n the culture medium by centrifugation at
4500 rpm for 10 min, washed with 0.9% NaCl and dried on
a glass fibre mat at 125° C.
Enrichment of Precious Metals

For the enrichment of the precious metals Au and Ag 1n
the non-soluble, elemental form a ratio of biomass to ore
was shown to be optimal 1n the process of the invention in
the range of 0.01 to 20%, more preferred 0.05% to 0.5%
(CDW/w. ore). Table 3 shows which microorganisms are
best suited for the enrichment of silver and gold from
different ores as source.

Combinations of microorganisms have also proven to be

advantageous. For the enrichment of gold a combination of
e.g. B. subtilis (MO1) and P. fluorescens (MO2) with bio-

mass ratio of MO1 to MO2 e.g. 80:20, 70:30, 30:70 or
20:80) has shown results which were superior to the use of
a biomass of a single microorganism. Combinations of
different bacteria for MO1 and MO2, more than two or more
than three different bacteria are concervable. The biomass
comprising a mixture of bacterial species 1s used 1n the same
ratio CDW/w. ore as the biomass comprising a single
SpecIes.

For ores comprising 0.3-5 ppm (ug/g or g/t) elemental
gold enrichment factors of 30 times to 98 times were
achieved using the process described herein.
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TABI E 3 (1v) contacting a second culture medium with the tip
portion coated by elemental gold and/or silver of said
Type ofore  Microorganism Metal test tool removed 1n the previous step for moculating
oxidic B. subtilis, P. fluorescens Au, Ag the second culture medium with any test bacterial cells
oxidic- B. subtilis Au, Ag d adhering to the tip portion of the at least one pin of the

gi:gzii B. subtilis, B. pumilus, P. fluorescens, Au, Ag te_s ¢ '[O(?l; El nd _ _
P. aeruginosa (v) 1dentifying the test bacterium as being capable of
sulfidic B. subiilis Au, Ag binding elemental gold and/or silver from growth of the

test bacterium 1n said second culture medium.

2. The assay of claim 1, wherein said first culture medium
in step (11) 1s 1n a container which 1s a part of a multi-well
plate having a cover lid and said test tool comprises said at
least one pin on the cover lid of the multi-well plate, said at
least one pin being coated by elemental silver or gold at least
on the tip portion of the at least one pin, wherein said at least
one pin extends downwards from the cover lid into said
container such that the tip portion of the at least one pin 1s
immersed 1nto the first culture medium 1n step (11); and/or

wherein said second culture medium that 1s an agar plate

that contains a salt of the gold and/or silver for selecting
test bacteria capable of growing 1n the presence of said
salt of the gold and/or silver.

10
The invention claimed 1is:

1. An assay for identifying a bactertum capable of binding
clemental gold and/or silver, comprising the following steps:
(1) cultivating a test bactertum in a suitable first culture
medium; 5
(1) immersing a tip portion of at least one pin of a test tool
into the first culture medium for a period of time that 1s
suflicient for allowing specific adherence of the test
bacterium that can bind gold and/or silver, said tip
portion being coated by elemental gold and/or silver; ,,
(111) removing said tip portion from said first culture
medium and rinsing or washing the tip portion for
removing not-specifically bound bactenal cells from
the tip portion; £ %k %k
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